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Abstract: This work describes the synthesis of mixed oxide film of vanadium and ruthenium by pulsed deposition technique on
multiwall carbon nanotubes and the decoration of gold nanoparticles on the mixed film. A ternary electrocatalyst has been developed
for the electrochemical oxidation of hydrazine by combining two metal oxide mixtures with Au nanoparticles. Surface morphology and
chemical composition of the electrode have been examined with SEM, EDX, HRTEM, EIS, and XRD. The peak current of hydrazine
increased 9 times at the AuNPs/(VOx-RuOx)/CNT/GCE compared to the bare GCE, and the peak potential shifted to negative 848
mV. Linear sweep voltammetry (LSV) and amperometric techniques revealed that the AuNPs/(VOx-RuOx)/CNT/GCE displays linear
concentration range 2.5–10000 µM (LSV) and the concentration range 0.03–100 µM (amperometry). The limit of detection (LOD) is 0.5
μM and 0.1 μM at (S/N = 3) for LSV and amperometric technique, respectively. The results obtained show a good RSD% of 2.1%–3.2%
and reasonable recovery of 97%–108% of hydrazine detection.
Key words: mixed vanadium oxide and ruthenium oxide, gold nanoparticles, hydrazine, pulsed deposition, amperometry

1. Introduction
Hydrazine can be used as textile dyes, drugs, fuel cells, pesticides, foaming agents, blowing agents, emulsifiers, fuels in
spacecraft, and corrosion inhibitors. The Environmental Protection Agency (EPA) defines hydrazine as a toxic chemical,
and hydrazine should not exceed 1 ppm in commercial wastewater. It is of great importance to develop accurate and
sensitive methods of determining the amount of hydrazine for purposes of environmental protection and maintenance of
human health. For the detection of hydrazine, different analytical methods have been reported, in the literature, such as
chemiluminescence [1], spectrophotometric [2], colorimetric method [3], fluorimetric sensor [4], chromatography [5],
titrimetric, and electrochemical techniques [6]. Electrochemical techniques are privileged compared to other techniques
thanks to their unique advantages such as high sensitivity and selectivity, low cost, and quick response [7–9]. However, the
electrooxidation of hydrazine in bare carbon electrodes has a high overpotential and a slow reaction. Surface modification
of the carbon electrode with different nanomaterials is promising for reducing the high overpotential [10–12]. Accordingly,
it can be modified with various electrode materials such as carbon-based materials [13,14], conductive polymers [15–18],
organic dyes [19], metal oxides [20,21], and metal nanoparticles [7,11,19,22,23] for detection of analytes.
Some metal oxides such as Co3O4 [20], CuO [24], VO2, Cr2O3, MnO3 [25], FeCo oxides [26], ZnO [27], and Fe2O3/CeO2
nanocubes [28] are used as a modifier of electrodes for the oxidation of hydrazine. Also, metal oxides and their double
and triple combinations are promising compounds for electrochemical applications [29,30]. Nanostructured metal oxides
have been evaluated in various energy devices such as fuel and solar cells, Li-ion batteries, and supercapacitors. Mixed
metal oxides exhibit stoichiometric or nonstoichiometric compositions [31]. Electrocatalytic activity can be explained by
the interaction between nanostructured metal particles (hyper) and metal oxide (hypo) composites, known as the “hypohyper-d interactive bonding” in the literature [32]. Higher catalytic performances can be achieved by combining metal
oxides with materials such as carbon nanotubes (CNT), graphene oxide [33], and metal nanoparticles [29,30,34–37].
Vanadium-based oxides are widely used in a variety of applications by virtue of their certain favourable properties
including high electrochemical activity, good interaction between molecules or ions, environmental harmlessness, and
* Correspondence: suleyman.kocak@cbu.edu.tr

1210

This work is licensed under a Creative Commons Attribution 4.0 International License.

KARACA and KOÇAK / Turk J Chem
exhibition of strong electron-electron interactions [38]. Due to their variable oxidation states, their theoretical specific
capacitance is considerably higher compared to other metal oxides. Vanadium displays 4 common oxidation states between
+5 and +2, each of which can be distinguished by its color. The vanadium oxide forms are VO, VO2, V2O3, and V2O5. The
ruthenium has oxidation states ranging from +8 to −2. The ruthenium oxide forms are RuO2 and RuO4. Ruthenium’s
different oxidation states and electrochemical reversibility make it suitable for use as a modifier of electrode surfaces and
an excellent electron transfer agent [39].
In this study, Au nanoparticles (AuNPs) mixed-valence ruthenium and vanadium oxide (VOx-RuOx) films were
fabricated on the carbon nanotube (CNT) modified glassy carbon electrode for the sensitive determination of hydrazine.
The surface morphology and chemical composition of this prepared AuNPs/(VOx-RuOx)/CNT/GCE electrode were
investigated in detail by several techniques such as SEM, HRTEM, EDX, and XRD. This sensor platform is used for the
first time in the literature for the determination of hydrazine. The ternary synergistic effect of Au nanoparticle and mixedvalence metal oxides on the oxidation behavior of hydrazine is optimized in pH 10 phosphate buffer solution (PBS). The
studies required for sensitivity and stability were successfully performed and the modified electrode was tested in a real
sample application.
2. Experiments
2.1. Chemicals
RuCl3x.H2O (Ruthenium content, 45%–55%) NaVO3, HAuCl4, N,N-dimethylformamide (DMF), HNO3, HCl, H3PO4, and
multiwall carbon nanotubes (MWCNTs) (purity > 95%, length 9 µm, diameter 7–15 nm) were purchased from Sigma
Aldrich company. It is used as CNT instead of MWCNT in all electrode names. Hydrazine sulfate salt (N2H4.H2SO4) was
purchased from Merck company. A 5.0 mM Au3+ solution was prepared by diluting the concentrated stock from 0.1 M
Au3+ solution with 0.1 M HCl. Phosphate buffer solution (PBS) was prepared with 0.1 M H3PO4, and pH was adjusted with
the addition of 3M NaOH solution dropwise. Daily prepared hydrazine solutions were used prior to measurements. Ultrapure water system (Millipore System Inc.) Milli-Q 18.2 MΩ cm was used to prepare all solutions. High-purity nitrogen gas
(N2) was used 5.0 and had a purity of 99.999%.

2.2. Apparatus
All electrochemical experiments Autolab PGSTAT128N and PGSTAT101 were used as potentiostat/galvanostatic systems.
As a triple electrode system, the working electrode (a GCE), the reference electrode (an Ag/AgCl (saturated KCl)), and the
counter electrode (a platinum wire) were inserted into the voltammetric cell. To evaporate the solvent in the CNT suspension
which was dropped to the electrode surface an IR lamp (general electric 150 watts) was used. Electrochemical impedance
spectroscopy (EIS) experiments were carried out by applying electrode potential 0.23V to the solution containing 5 mM
[Fe(CN)6]3+/4+ in the presence of 0.1 M KCl in the frequency range of 0.05 to 30,000 Hz. For surface morphology and
chemical composition analysis, scanning electron microscope (SEM) (Zeiss 300VP, and Gemini 500), high-resolution
transmission electron microscopy (HRTEM) (JEOL 2100 JEM HRTEM), X-ray diffraction (XRD) PANalytical Empyrean
diffractometer (parameters: Cu-K-Alpha1, 1.5406 A°; 45 kV, 40 mA, 2Theta 5–90, step size: 0.0130) devices were used.
2.3. Procedure of electrode modification
The carbon nanotubes were activated with acid according to the procedure previously described in the literature [40–42].
A 40 mg of activated CNT was dispersed in 5 mL dimethylformamide (DMF) and a black suspension was obtained by
ultrasonication. The surface of the glassy carbon electrode was polished on the cloth with 0.1 µm Al203 slurry. After the
CNT suspension was dropped onto the clean and dry GCE, the DMF solvent was evaporated under the IR lamp and the
electrode was named GCE/CNT. A 10 mL of 10 mM HCl supporting electrolyte solution containing 4.0 mM RuClx.H20
and 50 mM NaVO3 was transferred to the voltammetric cell and purged with N2 gases for 5 min. The electrochemical pulse
deposition (PD) process was studied with minor modifications to the procedures used to obtain other mixed-valent metal
oxides (MnOx-MoO, MnOx-VOx) in our previous publications [31,35,38]. Briefly, the electrode potential is kept at –0.9 V
for 5 s and then kept at +0.2 V for 5 s and coated by starting the cycle 100 times (not shown). For the formation procedure
of gold nanoparticle, using cyclic voltammetry, 15 cycles of –1.3V/+ 0.7 V were decorated on the surface (VOx-RuOx)/
CNT/GCE in 5.0 mM HAuCl4 (Figure S1). This electrode was named AuNPs/(VOx-RuOx)/CNT/GCE. Scheme shows the
mechanism of hydrazine at proposed electrode.
3. Results and discussion
The pulsed deposition (PD) technique was used as described in the procedure of formation VOx-RuOx to the surface CNT/
GCE (not shown in graphic). In this study, the preparation of VOx-RuOx with PD was performed with minor modification
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Scheme 1. Electrocatalytic mechanism of the oxidation of hydrazine at AuNPs/(VOx-RuOx)/CNT/GCE.

to the procedure of MnOx-VOx, MnOx-MoOx, and MnOx-Vox. used in our previous studies [31,35,38]. Figure S1 shows
the cyclic voltammetry (CV) response for the electrochemical deposition of AuNPs on (VOx-RuOx)/CNT/GCE surface.
AuNPs were deposited from a solution 5.0 mM Au3+ by cycling the potential in the range of –1.3V/+0.7V for 15 cycles.
Thus, gold nanoparticles were decorated on the surface of (VOx-RuOx)/CNT/GCE by reducing from Au3+ to Au0 during
the cathodic CV scan [10,43,44]. This electrode was donated as AuNPs/(VOx-RuOx)/CNT/GCE.
3.1. Characterization of modified electrodes
SEM and HRTEM were used for the characterization of the size and morphology of modified electrodes. SEM images
were taken for (VOx-RuOx)/CNT/GCE prepared by using pulsed deposition (PD) on the CNT/GCE from ruthenium
and vanadium salts in the same solution. Then, the other electrode (AuNPs(VOx-RuOx)CNT/GCE) was prepared by
decorated AuNPs on the (VOx-RuOx)/CNT/GCE with cyclic voltammetry. SEM information of lean carbon nanotubes
is given in Figure 1a. Carbon nanotubes are arranged in randomly distributed small tubes on top of each other. As seen
in Figure 1b, VOx, and RuOx are uniformly distributed as homogeneous films on carbon nanotube rods. SEM images
revealed that gold nanoparticles have bright, spherical, and rope ball-like shapes (Figure 1c). The gold nanoparticles were
created in scattered nano form and their dimensions were approximately 50 nm. EDX analysis confirms the presence
of the expected elements: Ru and V elements in metal oxides, C in the structure of carbon nanotubes, and Au in metal
nanoparticles (Figures 1d and e).
HRTEM images of gold nanoparticles onto (VOx-RuOx)/CNT/GCE are presented in Figures 2a-2c. The gold
nanoparticles are deposited on the CNT with these metal oxides. The size of the AuNPs is approximately 50 nm and SEM
images also support this nanoparticles structure. Moreover, SEM images of mixed metal oxide electrodes revealed that
the hierarchical RuOx-VOx oxide layer was distributed evenly by creating a porous cavity between CNT rods. Thanks to
this nanopore cavity, a very fast electron transfer hall could be formed from the outside to the inside. Therefore, AuNPs
(VOx-RuOx) CNT/GCE has a larger specific surface area, which is an important factor for the electrochemical catalysis.
X-ray diffraction (XRD) pattern was applied to identify the crystal structure of modified electrodes (Figure 3). The
peak at 2θ = 26.6 ° corresponded with (002) planes in the CNT structure. The crystal structures of VO2, V2O5, RuO2, and
RuO4 were determined from XRD patters by fitting with the ICSD database. The diffraction peaks for VOx were observed
at 2θ values of 25.29 °, 28.92 °, 30.92 °, 40.20 °, 49.30 °, and 62.02 °, which correspond to the characteristic diffraction of
the planes of monoclinic (ICSD NO 98-000-0199), for V2O5 observe at 2θ values of 20.31 o, 26.10 o, 31.00 o, 40.20 o, 51.30
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Figure 1. SEM images for (a) bare CNT, (b) (VOx-RuOx)/CNT, (c) AuNP/(VOx-RuOx)/CNT, EDX spectra for (d) (VOx-RuOx)/CNT,
(e) AuNPs/VOx-RuOx/CNT.
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(b)
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(c)

Figure 2. HRTEM analysis for AuNPs/(VOx-RuOx)/CNT(a-c).

and 62.17 o, which correspond to the characteristic diffraction of the planes of orthorhombic (ICSD NO 98-001-5984),
for RuO2 observe at 2θ values of 28.07 o, 40.15 o, 54.34 o, and 65.60 o, which correspond to the characteristic diffraction
of the planes of tetragonal (ICSD NO 98-001-5071), for RuO4 observe at 2θ values of 23.36 o, 25.62 o, 39.59 o, 49.02 o, and
50.25 o, which correspond to the characteristic diffraction of the planes of cubic (ICSD NO 98-041-5303) [14,45]. We
can conclude from XRD results that mixed-valent RuOx and VOx structures occur on the electrode surface. For gold,
the peaks observed at 2θ values of 38.20 o, 44.37 o, 64.55 o, and 77.53 o, which correspond to the (111), (200), (220), and
(311) of face-centered cubic Au, respectively (ICSD NO 98-004-4362). The characteristic 100% peak is observed at 2θ =
38.18 o Au(111). This result have been also confirmed by the literature [32,46]. AuNPs on the surface of metal oxides were
confirmed as pure metal nanoparticles by XRD.
The electrochemical impedance spectroscopy (EIS) technique is a useful method to evaluate the charge transfer
capability at the solution-electrode interface of the synthesized materials. Figure 4 shows Nyquist plots for bare GCE,
CNT/GCE, (VOx-RuOx)/CNT/GCE, and AuNPs/VOx-RuOx/CNT/GCE. The diameter of the semicircle obtained by
fitting from Nyquist curves gives the electron transfer resistance (Rct) of 14.1Ω for an AuNPs/(VOx-RuOx)/CNT/GCE,
17.2 Ω for a (VOx-RuOx)/CNT/GCE, 30 Ω for a CNT/GCE, and 395 Ω for a GCE. In the results obtained from EIS,
the gold nanoparticle modified electrode has the lowest Rct value. This situation can be explained by the fact that gold
nanoparticles give the electrode a much more conductive property and increase an active surface area. Also, synergistic
interactions between gold and VOx-RuOx on the CNT may play a role in the formation of a porous structure.
3.2. Electrocatalytic performance for hydrazine
To examine the electrocatalytic activity of the electrodes to the oxidation of hydrazine, cyclic voltammograms were
recorded in 0.1 M pH 10.0 PBS saturated N2 in different modified electrodes (Figure 5). CVs were performed at a potential
scan of –0.7V/ 1.2 V at a scan rate of 50 mV s–1. Epa and Ipa values of the hydrazine were observed at 800 mV, 20 µA for
GCE, 830 mV, 39 µA for CNT/GCE, 433 mV, 55 µA for (VOx-RuOx)/CNT/GCE, and –48 mV, 171 µA for AuNPs/(VOxRuOx)/CNT/GCE, respectively. A sharp oxidation peak of hydrazine was obtained on the AuNPs/(VOx-RuOx)/CNT/
GCE. To reveal the superiority of the modification, the hydrazine current value of the modified electrode was compared
o
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Figure 3. XRD pattern for modified electrodes.

with the bare GCE at each step. The oxidation peak flow of hydrazine increased approximately 2-fold in CNT/GCE, 2.7-fold
in (VOx-RuOx)/CNT/GCE, and 9-fold in AuNPs/(VOx-RuOx)/CNT/GCE. On the other hand, the hydrazine oxidation
peak potential (Epa) at the AuNPs/(VOx-RuOx)/CNT/GCE was shifted to 848 mV in a negative direction (Table S1). The
high increase of current in the gold nanoparticle decorated on the electrode may result from an increasingly high specific
surface area and a synergistic interaction between Au particles and mixed-valent metal oxide (VOx-RuOx).
3.3. Optimization studies
The electrochemical oxidation of hydrazine is known to be affected by pH. Therefore, to investigate the effect of pH of the
supporting electrolyte, 1 mM hydrazine was added to the solution at different pHs (2–12 PBS) and CVs were recorded
at the AuNPs/(VOx-RuOx)/CNT/GCE (Figure 6a). The oxidation of hydrazine weakly peaked at +700 mV at pH 2. As
explained by Hosseini et al., hydrazine is found its protonated form (N2H5+) at a pH value lower than pH = pKa (Pka =
8.1) and hydrazinium ion can be electrostatically repelled by positively charged electrode surface [47–49]. Uncharged
form of hydrazine (N2H4,) is formed after pH 8.0 and an increase in the electrocatalytic peak current was observed after
this pH value due to the minimization of the electrostatic repulsion. But when pH is above 12, the peak currents decrease
with increasing pH, the changes are attributed to the deprotonation of the hydrazine. In addition, linearity was obtained
between pH vs. Ep (Figure 6b), which it can be expressed by the following equations: Epa(mV)= –92.8pH + 908.79 (R² =
0.992). Nernstian value used 0.8 ratio of electrons and protons (4e-/5H+). The slope of Epa vs. pH corresponds to −92.8 mV
is very close to the anticipated Nernstian value –80 mV (Eq. 1). Therefore, pH 10 phosphate solution was used as optimum
supporting electrolyte for electrocatalytic oxidation of hydrazine at the AuNPs/(VOx-RuOx)/CNT/GCE (Figure 6c). Thus,
the overall reaction for the oxidation of N2H4 can be written as follows due to the participation of protons in the electrode
reaction:
N2H5+ + 4H2O → N2 + 5H3O+ + 4e−
(1).
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Figure 5. CV responses of 1.0 mM hydrazine on the bare GCE, CNT/GCE, (VOx-RuOx)/
CNT/GCE and AuNPs/(VOx-RuOx)/CNT/GCE in 0.1 M PBS (pH 10.0) with the scan
rate of 50 mV s−1.

Hosseini et al. and Dilgin et al. also reported similar results for electrocatalytic oxidation of hydrazine at modified
electrode [47,49].
The effect of mol ration V: Ru on the oxidation of hydrazine at the composition AuNPs/(VOx-RuOx)/CNT/GC
electrode was investigated. The electrode immersed in the salt solution containing different mole ratios of V: Ru was
prepared by the PD technique, and CVs of 1 mM hydrazine were obtained after these electrode surfaces were coated
with AuNPS (15 cycles) (Figure 6d and Table S2). The optimum mole ratio of V:Ru was chosen as 12.5:1. To find the
catalytic activity of gold nanoparticles, the (VOx-RuOx)/CNT/GC electrode was decorated on the surface in a different
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for hydrazine (0.3–1000 μM) at AuNPs/(VOx-RuOx)/CNT/GCE at applied potential 0.2 V, Inset:
calibration graph (0.3–100 μM).

cycle number (5–30) at the Au3+ solution (Figure 6e). The optimum number of cycles was chosen as 15. It can be deduced
from these results that in the prepared electrocatalytic platform, the mol of vanadium in the metal oxide mixture should
be 12.5 times greater than ruthenium. On the other hand, the 15-cycle of AuNPs created an ideal synergistic effect for the
metal-metal oxide mixture. Due to the increased electrocatalytic activity, a hypo-hyper-d interactive bond can occur on
the modified electrode surface. Here it represents nanostructured metal particles (hyper) and metal oxide (hypo).
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3.4. Effect of scan rate
The effect of different scan speeds on the electro-catalytic performances of the CNT/GCE, (VOx-RuOx)/CNT/GCE,
AuNPs/(VOx-RuOx)/CNT/GCE in hydrazine oxidation was examined, and the results are shown in Figure S2. When the
square root of the scanning speed increased in all modified electrodes, the oxidation peak current of hydrazine increased
in parallel. The oxidation current of hydrazine increased linearly with the square root of the scan speed in AuNPs/(VOxRuOx)/CNT/GCE and other electrodes. Therefore, it can be suggested that the current on the electrode surface is diffusion
controlled.
3.5. Sensitivity and selectivity
Linear sweep voltammetry (LSV) and amperometry were used to determine the hydrazine in pH 10.0 PBS at AuNPs/(VOxRuOx)/CNT/GCE. LSV was studied with a wide range of hydrazine concentrations (2.5–10,000 µM). Also, two different
slopes of a linear correlation between oxidation current and hydrazine addition (2.5–1000 µM and 1000–10,000 µM) can
be seen in Figure 7a and the inset. LSV reached a peak at –120 mV at low hydrazine concentrations. The oxidation peak
shifted to the positive direction potentials, increasing the concentration of hydrazine. The limit of detection (LOD) for
hydrazine from LSV was calculated to be 0.50 μM (S/N = 3).
To determine the concentration of hydrazine more accurately, an amperometric (I-t) response was recorded at
AuNPs/(VOx-RuOx)/CNT/GCE at 0.2 V in 0.1 M PBS (pH 10.0) under continuous stirring (Figure 7b). Optimizations of
amperometric studies are given in Figure S3. In the amperometric study, the change in the current-time of the modified
electrodes was examined, and the highest and stable electrode was the gold electrode at the end of 900s (Figure S4).
AuNPs/(VOx-RuOx)/CNT/GCE can respond very quickly to hydrazine addition and a stable signal is received in 4 s. As
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can be seen in the Figure 7b inset graph, its linearity was obtained from 0.03 µM to 100 µM at the calibration plot. This low
value indicates that the electrode can be used for sensitive detection of the hydrazine. The amperometric detection limit
(LOD) was calculated as 0.10 μM (S/N = 3).
Figure 8 shows the amperometric (i-t) response for hydrazine 100-fold KCl, Fe2+, Pb2+, Zn2+, Co2+, Ni2+, Cd2+, Cl–, NO3–,
–
Cl , NO3–, SO42–, and AA (Figures 8a-c). These substances display no significant change of the amperometric currents. A
good amperometric response can be observed for hydrazine. However, a significant interference was observed with the
addition of Cu2+. To eliminate this interference, the linear sweep voltammogram of hydrazine was recorded, the peak
current of hydrazine decreased after adding Cu2+ to the same medium (Figure 8d). When excess EDTA was added, the
peak current of hydrazine reached its initial value. Thus, Cu2+ interference was prevented by creating Cu-EDTA complex
in solution.
It can be deduced from these results that the decrease in the peak current of hydrazine in the presence of Cu2+ may have
caused the interaction between the lone pairs of electrons on the N atom and Cu2+. Another reason for this interference
may be due to the reduction reaction of Cu (II) to Cu (I) by hydrazine.
To determine the repeatability of the proposed gold electrode, 3 independent electrodes were prepared to detect 1.0
mM hydrazine in pH 10 PBS. A standard deviation of 4.7% was obtained, indicating the reliability of the detection results.
Moreover, good stability of the gold electrode and no apparent change of hydrazine oxidation current was observed in the
modified electrode after 15 days (Figure S5).
The catalytic activity of the AuNPs/(VOx-RuOx)/CNT/GC electrode to hydrazine detection was compared with
previous reports in Table 1. It is clear from Table 1 that the fabricated sensor exhibits the best analytical performance as
the LOD and a very wide linear range.
3.6. Application to real sample analysis
To test the practical applicability of the sensor, water samples were collected from the Gediz river and filtered. Gediz
river passes from a location close to organized industrial zone in Manisa (Turkey). The hydrazine concentration in these
samples was studied using amperometry. The results obtained show a good RSD% of 2.1%–3.2% and reasonable recovery
of 97%–108% of hydrazine detection (Table 2).
Table 2. Determination of hydrazine in Gediz river (n = 3).
Sample

Added (µM)

Faund (µM)

RSD (%)

Recovery (%)

1
2
3

0
10
1000

<LOD
9.71
1080

2.1
3.2

97.1%
108%

Table 1. Comparison of analytical performances of some hydrazine sensors constructed based on different modified electrodes.
Modified electrode

Method

Linear range (μM)

Detection limit (μM)

Ref.

AuNPs/CNTs-ErGO

Amperometry

0.3–319

0.07

[50]

Au@Pt/GO

Amperometry

0.8–429

0.43

[13]

Co3O4/MWCNTs

Amperometry

20–1100

0.80

[51]

rGO-Co3O4@Au

Amperometry

10–620

0.44

[21]

Co3O4/g-C3N4

Amperometry

5–1000

1.00

[20]

NiCo2S4 sphere

Amperometry

1.7–7800

0.60

[8]

Pyrocatechol violet/PGE

FIA Amperometry

0.25–500

0.08

[49]

AuNPs/PGE

FIA Amperometry

0.01–100

0.002

[48]

Au/Choline/GCE

LSV

5–500
500-9300

0.10

[52]

AuNPs/(VOx-RuOx)/CNT/GCE

Amperometry
LSV

0.3–1000
2.5–100
100–10000

0.10
0.50
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4. Conclusions
The nanoscale AuNPs/(VOx-RuOx)/CNT/GCE synthesized by electrochemical method, gold-(VOx-RuOx) has favourable
properties such as ease of use, high-efficiency, low-cost, greenness, and nonreductiveness. Nanometal particles-metal
oxide ternary catalyst was investigated as an electrochemical sensor platform for hydrazine. The electro-catalytic activity of
the AuNPs/(VOx-RuOx)/CNT/GCE not only increased the oxidation current of hydrazine but also reduced its oxidation
over-potential of hydrazine. Hydrazine is known to be used as a reductant in many industries. Gediz river passes from a
location close to organized industrial zone in Manisa (Turkey). The modified electrode developed has been successfully
applied to these real samples. Sensitive determinations for hydrazine were obtained by LSV and amperometric methods.
Acknowledgments
This work was supported by Manisa Celal Bayar University Research Foundation Project No.:2017-018. XRD analysis of
this paper were performed at Manisa Celal Bayar University (Turkey) Applied Science and Research Center (DEFAM).
Conflict of interest
The authors declare that they have no competing interests.

References
1.

Shukla M, Tiwari A, Brahme N, Kher RS, Dhoble SJ. Enhancing effect of hydrazine on chemiluminescence of luminol-H2O2 system.
Journal of Applied Spectroscopy 2013; 80 (2): 305-307. doi: 10.1007/s10812-013-9763-y

2.

Ensafi AA, Rezaei B. Flow injection determination of hydrazine with fluorimetric detection. Talanta 1998; 47 (3): 645-649. doi: 10.1016/
S0039-9140(98)00113-1

3.

Zargar B, Hatamie A. A simple and fast colorimetric method for detection of hydrazine in water samples based on formation of gold
nanoparticles as a colorimetric probe. Sensors and Actuators B: Chemical 2013; 182: 706-710. doi: 10.1016/j.snb.2013.03.036

4.

Tsiasioti A, Tzanavaras PD. Automated fluorimetric sensor for hydrazine determination in water samples based on the concept of zone
fluidics. Environmental Science and Pollution Research 2020; 1-8. doi: 10.1007/s11356-020-08979-8

5.

Gilbert R, Rioux R, Saheb SE. Ion chromatographic determination of morpholine and cyclohexylamine in aqueous solutions containing
ammonia and hydrazine. Analytical Chemistry 1984; 56 (1): 106-109. doi: 10.1021/ac00265a029

6.

Tajik S, Beitollahi H, Mohammadi SZ, Azimzadeh M, Zhang K et al. Recent developments in electrochemical sensors for detecting
hydrazine with different modified electrodes. RSC Advances 2020; 10 (51): 30481-30498. doi: 10.1039/d0ra03288c

7.

Daemi S, Ashkarran AA, Bahari A, Ghasemi S. Fabrication of a gold nanocage/graphene nanoscale platform for electrocatalytic detection
of hydrazine. Sensors and Actuators B: Chemical 2017; 245: 55-65. doi: 10.1016/j.snb.2017.01.137

8.

Duan C, Dong Y, Sheng Q, Zheng J. A high-performance non-enzymatic electrochemical hydrazine sensor based on NiCo2S4 porous
sphere. Talanta 2019; 198: 23-29. doi: 10.1016/j.talanta.2019.01.081

9.

Hatip M, Koçak S, Dursun Z. Sensitive determination of hydrazine using poly(phenolphthalein), Au nanoparticles and multiwalled
carbon nanotubes modified glassy carbon electrode. Turkish Journal of Chemistry 2021; 45 (1): 167-180. doi: 10.3906/KIM-2009-12

10.

Koçak S, Aslişen B. Hydrazine oxidation at gold nanoparticles and poly(bromocresol purple) carbon nanotube modified glassy carbon
electrode. Sensors and Actuators B: Chemical 2014; 196: 610-618. doi: 10.1016/j.snb.2014.02.061

11.

Ensafi AA, Abarghoui MM, Rezaei B. Facile synthesis of Pt-Cu@silicon nanostructure as a new electrocatalyst supported matrix,
electrochemical detection of hydrazine and hydrogen peroxide. Electrochimica Acta 2016; 190: 199-207. doi: 10.1016/j.electacta.2015.12.180

12.

Habibi E. Mesoporous Pd|β-SiCNW-nC based home made screen printed electrode for high sensitive detection of hydrazine. Microchemical
Journal 2019; 149: 104004. doi: 10.1016/j.microc.2019.104004

13.

Yang Z, Zheng X, Zheng J. Facile synthesis of three-dimensional porous Au@Pt core-shell nanoflowers supported on graphene oxide for
highly sensitive and selective detection of hydrazine. Chemical Engineering Journal 2017; 327: 431-440. doi: 10.1016/j.cej.2017.06.120

14.

Tehrani RMA, Ab Ghani S. MWCNT-ruthenium oxide composite paste electrode as non-enzymatic glucose sensor. Biosensors and
Bioelectronics 2012; 38 (1): 278-283. doi: 10.1016/j.bios.2012.05.044

15.

Zhang O, Yu HM, Lu LM, Wen YP, Duan XM et al. Poly(thiophene-3-acetic acid)-palladium nanoparticle composite modified electrodes
for supersensitive determination of hydrazine. Chinese Journal of Polymer Science 2013; 31 (3): 419-426. doi: 10.1007/s10118-013-1230-y

16.

Erdoğdu G, Karagözler AE. Investigation and comparison of the electrochemical behavior of some organic and biological molecules at
various conducting polymer electrodes. Talanta 1997; 44 (11): 2011-2018. doi: 10.1016/S0039-9140(96)02196-0

1221

KARACA and KOÇAK / Turk J Chem
17.

Erdoğdu, Gamze; Karagözler AE. Investigation and comparison of the electrochemical behavior of acetaminophen at conducting organic
polymers electrodes. Sensor Letters 2019; 17 (6): 431-435.

18.

Erdoğdu GE. The Investigation of electrochemical behavior of catechol at conducting polymer electrodes. Sensor Letters 2019; 17 (5): 365370.

19.

Koçak S, Aslışen B, Koçak ÇC. Determination of hydrazine at a platinum nanoparticle and poly(bromocresol purple) modified carbon
nanotube electrode. Analytical Letters 2016; 49 (7): 990-1003. doi: 10.1080/00032719.2015.1038548

20.

Dai G, Xie J, Li C, Liu S. Flower-like Co3O4/graphitic carbon nitride nanocomposite based electrochemical sensor and its highly sensitive
electrocatalysis of hydrazine. Journal of Alloys and Compounds 2017; 727: 43-51. doi: 10.1016/j.jallcom.2017.08.100

21.

Shahid MM, Rameshkumar P, Basirunc WJ, Wijayantha U, Chiu WS et al. An electrochemical sensing platform of cobalt oxide@gold
nanocubes interleaved reduced graphene oxide for the selective determination of hydrazine. Electrochimica Acta 2018; 259: 606-616. doi:
10.1016/j.electacta.2017.10.157

22.

Koçak S, Altın A, Koçak ÇC. Electrochemical determination of hydrazine at gold and platinum nanoparticles modified poly(L-serine)
glassy carbon electrodes. Analytical Letters 2016; 49 (7): 1015-1031. doi: 10.1080/00032719.2015.1045586

23.

Koçak ÇC, Koçak S, Karabiberoğlu Ş, Dursun Z. Highly improved electrocatalytic oxidation of dimethylamine borane on silver
nanoparticles modified polymer composite electrode. Turkish Journal of Chemistry 2020; 44 (1): 125-141. doi: 10.3906/kim-1906-23

24.

Wang L, Meng T, Jia H, Feng Y, Gong T et al. Electrochemical study of hydrazine oxidation by leaf-shaped copper oxide loaded on highly
ordered mesoporous carbon composite. Journal of Colloid and Interface Science 2019; 549: 98-104. doi: 10.1016/j.jcis.2019.04.063

25.

Gui Z, Fan R, Mo W, Chen X, Yang L et al. Synthesis and characterization of reduced transition metal oxides and nanophase metals with
hydrazine in aqueous solution. Materials Research Bulletin 2003; 38 (1): 169-176. doi: 10.1016/S0025-5408(02)00983-2

26.

Nguyen DM, Bach LG, Bui QB. Novel urchin-like FeCo oxide nanostructures supported carbon spheres as a highly sensitive sensor for
hydrazine sensing application. Journal of Pharmaceutical and Biomedical Analysis 2019; 172: 243-252. doi: 10.1016/j.jpba.2019.04.008

27.

Beduk T, Bihar E, Surya SG, Castillo AN, Inal S et al. A paper-based inkjet-printed PEDOT:PSS/ZnO sol-gel hydrazine sensor. Sensors
and Actuators B: Chemical 2020; 306: 127539. doi: 10.1016/j.snb.2019.127539

28.

Rahman MM, Alam MM, Asiri AM. Selective hydrazine sensor fabrication with facile low-dimensional Fe2O3/CeO2 nanocubes. New
Journal of Chemistry 2018; 42 (12): 10263-10270. doi: 10.1039/c8nj01750f

29.

Özdokur KV, Tatli AYI, Yilmaz B, Koçak S, Ertaş FN. Development of pulsed deposited manganese and molybdenum oxide surfaces
decorated with platinum nanoparticles and their catalytic application for formaldehyde oxidation. International Journal of Hydrogen
Energy 2016; 41 (14): 5927-5933. doi: 10.1016/j.ijhydene.2016.02.127

30.

Ozdokur KV, Demir B, Yavuz E, Ulus F, Erten Ç et al. Pyranose oxidase and Pt–MnOx bionanocomposite electrode bridged by ionic liquid
for biosensing applications. Sensors and Actuators B: Chemical 2014; 197: 123-128. doi: 10.1016/J.SNB.2014.01.122

31.

Özdokur KV, Koçak S, Ertaş FN. Nanostructured Metal-Metal Oxides and Their Electrocatalytic Applications. In: Advanced Coating
Materials. Hoboken, NJ, USA: John Wiley & Sons, Inc.; 2018: 275-313. doi: 10.1002/9781119407652.ch10

32.

Jaksic JM, Nan F, Papakonstantinou GD, Botton GA, Jaksic MM. Theory, substantiation, and properties of novel reversible electrocatalysts
for oxygen electrode reactions. The Journal of Physical Chemistry C 2015; 119 (21): 11267-11285. doi: 10.1021/jp510234f

33.

Sarno M, Ponticorvo E. Metal–metal oxide nanostructure supported on graphene oxide as a multifunctional electro-catalyst for
simultaneous detection of hydrazine and hydroxylamine. Electrochemistry Communications 2019; 107: 106510. doi: 10.1016/j.
elecom.2019.106510

34.

Yavuz E, Özdokur KV, Çakar I, Koçak S, Ertaş FN. Electrochemical preparation, characterization of molybdenum-oxide/platinum binary
catalysts and its application to oxygen reduction reaction in weakly acidic medium. Electrochimica Acta. 2015; 151: 72-80. doi: 10.1016/j.
electacta.2014.11.006

35.

Ozdokur KV, Demir B, Atman E, Tatlı AY, Yılmaz B et al. A novel ethanol biosensor on pulsed deposited MnOx-MoOx electrode decorated
with Pt nanoparticles. Sensors and Actuators B: Chemical 2016; 237: 291-297. doi: 10.1016/j.snb.2016.06.100

36.

Ayaz S, Karakaya S, Emir G, Dilgin DG, Dilgin Y. A novel enzyme-free FI-amperometric glucose biosensor at Cu nanoparticles modified
graphite pencil electrode. Microchemical Journal 2020; 154: 104586. doi: 10.1016/j.microc.2019.104586

37.

Emir G, Dilgin Y, Ramanaviciene A, Ramanavicius A. Amperometric nonenzymatic glucose biosensor based on graphite rod electrode
modified by Ni-nanoparticle/polypyrrole composite. Microchemical Journal 2021; 161: 105751. doi: 10.1016/j.microc.2020.105751

38.

Akoğulları S, Çιnar S, Özdokur KV, Aydemir T, Ertaş FN et al. Pulsed deposited manganese and vanadium oxide film modified with
carbon nanotube and gold nanoparticle: chitosan and ıonic liquid-based biosensor. Electroanalysis 2020; 32 (2): 445-453. doi: 10.1002/
elan.201900194

1222

KARACA and KOÇAK / Turk J Chem
39.

Zare HR, Hashemi SH, Benvidi A. Electrodeposited nano-scale islands of ruthenium oxide as a bifunctional electrocatalyst for simultaneous
catalytic oxidation of hydrazine and hydroxylamine. Analytica Chimica Acta 2010; 668 (2): 182-187. doi: 10.1016/j.aca.2010.04.028

40.

Bakır ÇC, Şahin N, Polat R, Dursun Z. Electrocatalytic reduction of oxygen on bimetallic copper–gold nanoparticles–multiwalled carbon
nanotube modified glassy carbon electrode in alkaline solution. Journal of Electroanalytical Chemistry 2011; 662 (2): 275-280 doi:
10.1016/j.jelechem.2011.06.016

41.

Karaca, S. Preperation and characterization of metal nanoparticles modified ruthenium-vanadium oxide composite electrodes and
application to hydrazine determination. MSc, Manisa Celal Bayar University, Manisa, Turkey, 2019.

42.

Koçak ÇC, Dursun Z. Enhanced electrocatalytic activity of copper phthalocyanine/multiwalled carbon nanotube composite electrode via
Pt nanoparticle modification for oxygen reduction. Turkish Journal of Chemistry 2018; 42 (3): 623-638. doi: 10.3906/kim-1704-27

43.

Karuppiah C, Palanisamy S, Chen SM, Ramaraj SK, Periakaruppan P. A novel and sensitive amperometric hydrazine sensor based on
gold nanoparticles decorated graphite nanosheets modified screen printed carbon electrode. Electrochimica Acta 2014; 139: 157-164. doi:
10.1016/j.electacta.2014.06.158

44.

Koçak S, Altın A, Koçak ÇC. Electrochemical determination of hydrazine at gold and platinum nanoparticles modified poly(L-serine)
glassy carbon electrodes. Analytical Letters 2016; 49 (7): 1015-1031. doi: 10.1080/00032719.2015.1045586

45.

Zhang LF, Tang J, Liu SY, Peng OW, Shiet R al. A laser irradiation synthesis of strongly-coupled VOx-reduced graphene oxide composites
as enhanced performance supercapacitor electrodes. Materials Today Energy 2017; 5: 222-229. doi: 10.1016/j.mtener.2017.07.004

46.

Vinoth V, Wu JJ, Asiri AM, Anandan S. Simultaneous detection of dopamine and ascorbic acid using silicate network interlinked gold
nanoparticles and multi-walled carbon nanotubes. Sensors and Actuators B: Chemical 2015; 210: 731-741. doi: 10.1016/j.snb.2015.01.040

47.

Hosseini H, Ahmar H, Dehghani A, Bagheri A, Fakhari AR et al. Au-SH-SiO2 nanoparticles supported on metal-organic framework (AuSH-SiO2@Cu-MOF) as a sensor for electrocatalytic oxidation and determination of hydrazine. Electrochimica Acta 2013; 88: 301-309. doi:
10.1016/j.electacta.2012.10.064

48.

Teoman İ, Karakaya S, Dilgin Y. Sensitive and rapid flow ınjection amperometric hydrazine sensor using an electrodeposited gold
nanoparticle graphite pencil electrode. Analytical Letters 2019; 52 (13): 2041-2056. doi: 10.1080/00032719.2019.1591429

49.

Ayaz S, Dilgin Y. Flow injection amperometric determination of hydrazine based on its electrocatalytic oxidation at pyrocatechol violet
modified pencil graphite electrode. Electrochimica Acta 2017; 258: 1086-1095. doi: 10.1016/j.electacta.2017.11.162

50.

Zhao Z, Sun Y, Li P, Zhang W, Lian K et al. Preparation and characterization of AuNPs/CNTs-ErGO electrochemical sensors for highly
sensitive detection of hydrazine. Talanta 2016; 158: 283-291. doi: 10.1016/j.talanta.2016.05.065

51.

Zhang J, Liu H, Dou M, Wang F, Liu J et al. Synthesis and characterization of co3o4/multiwalled carbon nanotubes nanocomposite for
amperometric sensing of hydrazine. Electroanalysis 2015; 27 (5): 1188-1194. doi: 10.1002/elan.201400546

52.

Li J, Xie H, Chen L. A sensitive hydrazine electrochemical sensor based on electrodeposition of gold nanoparticles on choline film
modified glassy carbon electrode. Sensors and Actuators B: Chemical 2011; 153 (1): 239-245. doi: 10.1016/j.snb.2010.10.040

1223

